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Summary

 

Ageing is associated with evidence of immune deficiency and dysregulation.
Key changes in the immune system with ageing include a progressive reduc-
tion in naive T cell output associated with thymic involution and peripheral
expansion of oligoclonal memory T cells. These features are associated with
evidence of impaired immune responsiveness both 

 

in vitro

 

 and 

 

in vivo

 

,
termed immune senescence. CD4

 

+

 

 CD25

 

+

 

 T cells have recently been recog-
nized as mediators of peripheral immune regulation and play a role in the
control of autoimmune and pathogen-specific immune responses. The signif-
icance of CD4

 

+

 

 CD25

 

+

 

 regulatory T cells in the context of immunosenescence
is not known. We have investigated the number, phenotype and function of
CD4

 

+

 

 CD25

 

+

 

 T cells in healthy volunteers over a wide age range. We demon-
strate that the number of CD4

 

+

 

 CD25

 

+

 

 and CD4

 

+

 

 CD25

 

high

 

 T cells in healthy
volunteers increases with age. In both age groups CD4

 

+

 

 CD25

 

+

 

 T cells showed
a phenotype consistent with that described for regulatory T cells. Further
analysis of CD4

 

+

 

 CD25

 

high

 

 T cells in young and elderly donors showed equiv-
alent expression of intracellular CTLA-4 and surface expression of activation
markers. 

 

In vitro

 

, functional titration assays of CD4

 

+

 

 CD25

 

high

 

 T cells demon-
strated equivalent regulatory function in both young and elderly donors, with
suppression of proliferation and cytokine production in response to poly-
clonal T cell stimulation. These observations demonstrate an increase in
peripheral blood CD4

 

+

 

 CD25

 

high

 

 regulatory T cells associated with ageing. The
relevance of these expanded cells in relation to the immune senescence seen in
the elderly as yet remains unclear.

 

Keywords:

 

 ageing, regulatory T cell 

 

Introduction

 

Normal ageing is associated with the development of a num-
ber of features of impaired immune responsiveness such as a
reduction in response to recall antigens and increased vul-
nerability to infection and malignancy [1,2]. Impaired self-
tolerance is also evident, as witnessed by the increased inci-
dence of autoimmune disease observed with ageing. How-
ever, the mechanisms that underlie these clinical effects
remain poorly understood. Thymic involution in adults is
associated with a marked reduction in thymic T cell output,
as measured by decreased T cell receptor (TCR) excision cir-
cle (TREC)

 

+

 

 T cells in subjects aged over 65 years and a
reduction in the number of naive CD45RA

 

+

 

 T cells [3,4]. It is
likely, therefore, that maintenance of the peripheral T cell

pool in the elderly will depend increasingly on proliferation
of existing T cells through peripheral expansion of T cells
with affinity for foreign and self-antigen [5]. This phenom-
enon may at least partly explain the contraction of the TCR
repertoire and emergence of clonal T cell populations that is
seen in the memory compartment in elderly subjects [6,7].
Impaired central tolerance and a reduction in the diversity of
the T cell repertoire may be key factors in immune dysregu-
lation in the elderly and against this background peripheral
mechanisms for immune regulation may become increas-
ingly important.

Naturally occurring regulatory CD4

 

+

 

 T cells express high
levels of CD25, the interleukin (IL)-2 receptor 

 

a

 

 chain, and
have been shown to suppress CD4 and CD8 T cells responses
to a range of stimuli, both 

 

in vitro

 

 and 

 

in vivo

 

 [8–10]. In mice
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CD4

 

+

 

 CD25

 

+

 

 regulatory T cells (T

 

reg

 

) are involved in main-
tenance of peripheral T cell tolerance to self-antigens and
protection against autoimmunity. Human T

 

reg

 

 appear to
enrich within CD4

 

+

 

 CD25

 

high

 

 T cells and comprise approxi-
mately 1–5% of peripheral blood CD4 lymphocytes [11]. 

 

In
vitro

 

, T

 

reg

 

 are cytokine-independent and require cell contact
to mediate suppressive action [12,13]. However, T

 

reg

 

 are able
to induce other conventional CD4

 

+

 

 CD25

 

–

 

 T cells to develop
cytokine dependent regulatory function, termed ‘infectious
tolerance’ [14], and this observation may explain, in part, the
complex discrepancy between 

 

in vitro

 

 and 

 

in vivo

 

 observa-
tions regarding the role for cytokines in T

 

reg

 

 function.
To date there is little information available on how age

influences the number and function of CD4

 

+

 

 CD25

 

+

 

 regula-
tory T cells. We have studied CD4

 

+

 

 CD25

 

+

 

 and CD4

 

+

 

CD25

 

high

 

 T cell numbers, phenotype and function in healthy
volunteer donors over a wide age range. We found marked
increases in CD4

 

+

 

 CD25

 

+

 

 and CD4

 

+

 

 CD25

 

high

 

 T cell numbers
with increasing age. In older donors aged over 60 years, the
membrane phenotype of CD4+ 25

 

high

 

 T cells matched that
from younger subjects, including intracellular expression of
the negative co-stimulatory molecule cytotoxic T lympho-
cyte-associated antigen 4 (CTLA-4) and surface membrane
expression of activation markers. Direct functional assays
demonstrated suppressive effects 

 

in vitro

 

, with CD4

 

+

 

CD25

 

high

 

 T cells from both young and elderly subjects sup-
pressing proliferation and cytokine production in response
to polyclonal T cell stimulation. Together these observations
demonstrate that the proportion of CD4

 

+

 

 CD25

 

high

 

 T

 

reg

 

increases in the peripheral blood with ageing.

 

Materials and methods

 

Subjects

 

Healthy volunteers between the ages of 21 and 93 years were
recruited into the study. The study protocol had received
local ethical approval.

 

Flow cytometry

 

Peripheral blood mononuclear cells (PBMC) were isolated
from peripheral blood samples by density centrifugation
over Ficoll-Hypaque gradient (Lymphoprep, Axis Shield,
Huntingdon, UK). Antibodies used for flow cytometry were
as follows: phycoerythrin (PE)- and fluorescein isothiocyan-
ate (FITC)-conjugated anti-CD4 antibodies (13B8·2,
Beckman Coulter, High Wycombe, UK); PE-cychrome 5
(PC5)-conjugated anti-CD25 (B1·49·9, Immunotech);  PE-
conjugated  anti-CD45RO  (UCHL1, BD Pharmingen,
Oxford, UK); FITC-conjugated anti-CD69 (FN50, BD
Pharmingen); FITC-conjugated anti-CD71 (YDJ1·2.2,
Immunogen); PE-Cy5-conjugated anti-HLA-DR (TU36, BD
Pharmingen) and appropriate fluorochrome labelled isotype
controls. For intracellular staining, PBMC were stained with

surface membrane antibodies, FITC-conjugated anti-CD4
and PC5-conjugated anti-CD25, and cells were then fixed in
2% paraformaldehyde and permeabilized with 0·1% sapo-
nin, before staining with PE-conjugated CTLA-4/CD152
(BN13, BD Pharmingen) or PE-conjugated isotype control
antibody. Flow cytometry was performed on a Coulter Epics
XL flow cytometer (Beckman Coulter, High Wycombe, UK)
using System II software (Beckman Coulter) and analysed
using WinMDI software (Joseph Trotter, Scripps Research
Institute, La Jolla, CA, USA).

 

Isolation of CD4

 

+

 

 CD25

 

high

 

 and CD4

 

+

 

 CD25

 

–

 

cells

 

For functional assays, CD4

 

+

 

 CD25

 

high

 

 and CD4

 

+

 

 CD25

 

–

 

 cells
were isolated by flow-sorting. Cells were stained by FITC-
conjugated anti-CD4 and PE-conjugated or PC5-conjugated
anti-CD25 and then purified on a Becton Dickinson FACS
Vantage  SE  flow-cytometric  cell-sorter.  Consistent  purity
of >97% was obtained for both CD4

 

+

 

 CD25

 

high

 

 and
CD4

 

+

 

 CD25- cell fractions (Fig. 1a–c).

 

Proliferation assays

 

RPMI-1640 medium supplemented with L-glutamine
(2 m

 

M

 

), penicillin (100 IU/ml)/streptomycin (100 

 

m

 

g/ml)
(all  from  Invitrogen,  Paisley,  UK)  and  10%  human  AB
serum (Sigma, Poole, UK) was used in all assays. Direct sup-
pression ‘add-back’ experiments were performed as
described previously [15]. Briefly, 1 

 

¥ 

 

10

 

4

 

 CD4

 

+

 

 CD25

 

high

 

 or
CD4

 

+

 

 CD25

 

–

 

 cells were incubated in the presence of phyto-
haemagglutinin (PHA, Sigma) at 2 

 

m

 

g/ml and 1 

 

¥

 

 10

 

4

 

 irradi-
ated (30 Gy) autologous PBMC that had been depleted of T
cells (CD3 microbeads, Miltenyi Biotec, Bisley, UK). Incuba-
tions were performed with CD4

 

+

 

 CD25

 

high

 

 or CD4

 

+

 

 CD25

 

–

 

fractions alone or in co-culture (CD4

 

+

 

 CD25

 

high

 

/CD4

 

+

 

 25

 

–

 

,
CD4

 

+

 

 CD25

 

–

 

/CD4

 

+

 

 CD25

 

–

 

) at a ratio of 1 : 1. In some exper-
iments reducing titrations of CD4

 

+

 

 CD25

 

high

 

 were added to
CD4

 

+

 

 CD25

 

–

 

 cells (1 : 1, 1 : 2, 1 : 4, 1 : 8 and 1 : 16). All incu-
bations were run in triplicate in 96-well plates with a final
volume of 200 

 

m

 

l. At 72 h, 1 

 

m

 

Ci [

 

3

 

H]-thymidine was added
to each well and proliferation by [

 

3

 

H]-thymidine incorpora-
tion was assessed after a further 16 h.

 

Cytokine assays

 

CD4

 

+

 

 CD25

 

high

 

 or CD4

 

+

 

 CD25

 

–

 

 cells were co-cultured as
above and supernatants were evaluated after 72 h for cytok-
ine production by sandwich cytokine enzyme-linked immu-
nosorbent assay (ELISA) for interferon (IFN)-

 

g

 

 (IFN-

 

g

 

capture antibody and detection antibody, BD Pharmingen).

 

Statistics

 

Statistical analysis was performed using GraphPad Prism
software 4·0 (GraphPad Software Inc., CA, USA). The non-
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parametric Spearman’s rank correlation coefficient with
two-tailed 

 

P

 

-value was used to assess the significance
of correlation between observed CD4

 

+

 

 CD25

 

+

 

 T cells,
CD4

 

+

 

 CD25

 

high

 

 T cells and subject age. Mann–Whitney anal-
yses were performed to assess differences in young and eld-
erly donor cell marker expression.

 

Results

 

CD4

 

+

 

 CD25

 

high

 

 T cells increase in peripheral blood with 
increasing age

 

Forty-four healthy volunteer donors were recruited into the
study with an age range of 21–93 years: 20–30 years (

 

n = 14),
30–40 years (n = 5), 40–50 years (n = 5), 50–60 years (n = 5)
and 60 + years (n = 15). Enumeration of CD4+ CD25+ (com-
bined CD25int and CD25high expressing cells) and CD4+

CD25high T cells within peripheral blood mononuclear cells
was performed by flow cytometry. Appropriate isotype con-
trols were performed with each sample (Fig. 1a–b) and
samples were run repeatedly with each batch to ensure con-
sistency in the protocol. The percentage of CD4+ lympho-
cytes expressing CD25+ increased significantly with age and
this effect was observed without a plateau (r = 0·808,
P < 0·0001). Similarly, the percentage of CD25high expression
on CD4+ T cells showed a steady rise in association with
increasing subject age (r = 0·676, P < 0·0001) (Fig. 2a). In 18
subjects for whom blood counts were available the absolute
number of CD4+ CD25high cells in the peripheral blood was

calculated based on the peripheral blood lymphocyte count
at time of sampling and this also increased significantly with
increasing age (r = 0·572, P < 0·05) (Fig. 2b). No correlation
was observed between subject age and the percentage of
CD4+ cells in peripheral blood or the absolute peripheral
blood lymphocyte count (data not shown). The proportion
of CD4–CD25+ was higher in older donors than younger
with median percentage of CD4–CD25+ cells in gated lym-
phocytes of 7·29% for donors aged > 60 and 4·93% for
donors aged 20–30 (P = 0·006).

CD4 CD25high T cells in elderly and young donors lack 
markers of T cell activation and show equivalent 
expression of intracellular CTLA-4

CD25 is a marker of T cell activation as well as being
expressed on CD4+ T cells that mediate suppressor T cell
function [16]. CD4+ CD25high T cells are therefore function-
ally heterogeneous and we evaluated expression of a range of
phenotypic markers in order to assess potential differences in
activation status and effector phenotype between young and
elderly donors. The membrane phenotype of CD4+ CD25high

T cells from young donors (n = 11; median age 23 years,
range 21–35) and elderly donors (n = 11; median age 73
range 63–78) was determined by three-colour flow cytome-
try. Importantly, no demonstrable difference in the surface
expression of markers of recent T cell activation (CD69,
HLA-DR) and late T cell activation (CD71) was seen on
gated CD4+ CD25high T cells between both age groups

Fig. 1. Flow cytometric analysis of 

CD4+ CD25+ T cell populations. Unfractionated 

peripheral blood mononuclear cells (PBMCs) 

isolated by Ficoll density gradient centrifugation 

were stained with phycoerythrin (PE)-conju-

gated anti-CD4 and PC5-conjugated anti-CD25. 

Cells were gated on lymphocytes via their for-

ward- and side-scatter properties. (a) The gating 

strategy is shown for the analysis of 

CD4+ CD25+ (dotted box: including CD4+ T 

cells with CD25 intermediate and high expres-

sion), CD4+ CD25high (solid upper box) and 

CD4+ CD25– (solid lower box) T cells and for 

flow sorting the respective fractions. (b) Isotype 

controls (shaded) for each sample were run in 

conjunction with CD25 membrane staining 

(solid line). (c) Flow sorted fractions of 

CD4+ CD25high T cells were isolated to purity > 

97% for each fraction (from three separate 

experiments).
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(Fig. 3a). The only marker that did exhibit a significant dif-
ference was CD45RO, with higher levels of CD45RO expres-
sion being seen on CD4+ CD25high T cells from elderly
donors compared to those from the younger cohort (% pos-
itive, elderly 95·51%: young 83·3%, P < 0·05). Expression of
intracellular CTLA-4 was assessed on CD4+ CD25high T cells
from both groups and preferential expression of CTLA-4 was
seen on this population in agreement with previous reports.
There was no difference in the levels of expression of CTLA-
4 within this fraction between young and elderly donors (%
of CD4+ CD25high T cells CTLA-4 positive, elderly n = 5,
65·68%: young, n = 5, 65·46%, P = n.s.) (Fig. 3b).

CD4+ CD25high T cells in young and elderly subjects 
suppress immune responses in vitro

CD4+ CD25high and CD4+ CD25– T cell fractions were iso-
lated at high purity (>97% for each fraction) (Fig. 1c) from
young (n = 3, aged 21, 22 and 35) and elderly donors (n = 3,

aged 63, 73 and 76). The ability of CD4+ CD25+ T cells to
suppress proliferation of CD4+ CD25– T cells was deter-
mined by adding CD4+ CD25high T cells at a variable ratio to
CD4+ CD25– T cells in the presence of polyclonal stimula-
tion with PHA (2 mg/ml) and autologous irradiated CD3-
depleted accessory cells (ACs) for 72 h. As shown in Fig. 4a,
equivalent suppression of CD4+ CD25– T cell proliferation
in response to PHA stimulation was observed in both young
and elderly subjects. Furthermore, there was no significant
difference in the degree of suppression mediated for each
reducing titration of CD4+ CD25high T cells : CD4+ CD25– T
cells, with an equivalent dose-dependent effect demon-
strated for CD4+ CD25high T cell-mediated suppression in
both young and elderly individuals (Fig. 4b). There was con-
siderable variation between individuals in the proliferative
response of CD4+ CD25– cells to PHA (Fig. 4b); however,
this variation did not appear age-related in the subjects
studied. Cytokine production of IFN-g by CD4+ CD25–- T
cells in the above PHA stimulation was also inhibited by the

Fig. 2. Analysis of CD4+ CD25+ and 

CD4+ CD25high T cells with age. The percentage 

of CD4+ lymphocytes which are CD25+ (a) and 

CD25high (b) plotted against subject age. Linear 

regression analysis is shown (solid line) with 

95% confidence intervals (dotted lines). (c) Rep-

resentative FACs plots are shown demonstrating 

CD4-PE and CD25-PC5 staining in a young 

donor aged 22 (left) and an elderly donor aged 

76 (right).

10 20 30 40 50 60 70 80 90 100
0
1
2
3
4
5
6
7
8

Age  (years)

%
 C

D
25

hi
gh

 o
f C

D
4+

 T
 c

el
ls

10 20 30 40 50 60 70 80 90100
0

10

20

30

40

50

Age (years)

%
 C

D
25

+
 o

f C
D

4 
T

 c
el

ls

(a)

(b)

CD4-PE

(c)

C
D

25
 P

E
-C

y5

Age 22

10 20 30 40 50 60 70 80 90 100
0·00

0·01

0·02

0·03

0·04

Age (years)

A
bs

ol
ut

e 
C

D
4+

C
D

25
hi

gh

ce
lls

 ¥
 1

09 /
l

Age 76

10
4

10
3

10
2

10
1

10
0

100 101 102 103 104

10
4

10
3

10
2

10
1

10
0

100 101 102 103 104



R. Gregg et al.

544 © 2005 British Society for Immunology, Clinical and Experimental Immunology, 140: 540–546

addition in co-culture of CD4+ CD25high T cells, and this
effect was observed in both young and elderly donors
(Fig. 4c).

Discussion

We have demonstrated that the number of peripheral blood
CD4+ CD25high T cells increases in association with ageing.
Our study included donors over 60 years of age in whom
particularly high numbers were observed with a 2·4-fold
increase compared to donors aged between 20 and 30 years.
Human CD4+ CD25high T cells are known to be functionally
heterogeneous and include cells with suppressive function
and recently activated effector CD4+ T cells [16]. However,
characterization of CD4+ CD25high T cells in both elderly and
young donors demonstrated no differences in terms of mem-
brane activation markers or expression of CTLA-4. The only

phenotypic difference was increased expression of CD45RO
in CD4+ CD25high T cells in the elderly cohort, a phenome-
non well described previously for CD4+ T cells [17]. These
observations suggest that the increase in CD4+ CD25high T
cells in the elderly is not due to expansion of activated effec-
tor T cells and furthermore that CD4+ CD25high T cells in this
age group have a phenotype consistent with that previously
reported for Treg [13,16]. Currently the lack of a reliable
marker that defines true Treg in the peripheral blood com-
plicates studies in this area. Therefore to further evaluate
CD4+ CD25high T cells, we have shown that CD4+ CD25high T
cells from elderly donors exert suppressive function in vitro
and are capable of suppressing both proliferation and cytok-
ine production of IFN-g. We were unable to discern any
functional differences in the suppressive effects of
CD4+ CD25high T cells between young and elderly donors.
Together these observations indicate that there is an increase
in CD4+ CD25high regulatory T cells in peripheral blood with
progressive ageing.

The reasons for expansion of CD4+ CD25high regulatory T
cells with age are unclear. Against a background of progres-
sive thymic atrophy and reduced naive T cell output, it is
unlikely that the expansion of CD4+ CD25high T cells num-
bers in the elderly is thymically derived and therefore the
peripheral expansion of existing Treg may be a predominant
factor. In vitro, conventional CD4+ CD25– T cells may
undergo induction to a regulatory T cell phenotype in the
setting of impaired co-stimulation and under the influence
of immunosuppressive cytokines such as IL-10 (Tr1) [18,19].
Furthermore, under the influence of naturally occurring Treg,
conventional CD4+ T cells may adopt a cytokine-dependent
regulatory function, a phenomenon termed ‘infectious tol-
erance’ [14]. In vivo the specific conditions and requirements
for the peripheral generation and expansion of Treg remain
unclear; however, poor co-stimulation by APCs and immu-
nosuppressive cytokines have been suggested as important
factors [20,21]. Moreover,  despite their anergic phenotype
in vitro, it is clear from recent reports that murine
CD4+ CD25high Treg cells may undergo extensive proliferation
and expansion in vivo in the setting of antigen-driven immu-
nity [22–24]. It is possible that with ageing, broader changes
within the immune environment promote Treg generation in
the periphery [25,26]; however, as yet these interesting
observations do not ideally explain the increases in Treg seen
in human healthy donors with normal ageing. Future studies
to evaluate the role of immunosuppressive cytokines in
CD4+ CD25high T cell function in the elderly may be of key
interest.

Finally, it is possible that the increasing CD4+ CD25high

regulatory T cells numbers observed in the elderly contribute
to immune deficiency and play a part in the broader decline
in adaptive responses during immunosenescence. The devel-
opment of markers to better delineate functional Treg will
help to further dissect the significance of CD4+ CD25high T
cells in the ageing immune system.

Fig. 3. Phenotype of CD4+ CD25high T cells in young and elderly sub-

jects. (a) The membrane phenotype of CD4+ CD25high T cells was 

assessed by three-colour flow cytometry in both young (n = 11) and 

elderly (n = 11) subjects. The percentage of CD4+ CD25high T cells 

expressing a panel of markers (CD69, CD71, HLA-DR and CD45 RO) 

are shown for both young (open bars) and elderly (filled bars) volun-

teers. Significant differences are indicated below the columns. (b) Cells 

were stained with surface CD4-fluoroscein isothiocyanate (FITC) and 

CD25-PC5 and then fixed and permeabilized prior to intracellular stain-

ing with CTLA-4 (shaded line) and appropriate isotype control (solid). 

(c) Percentage of CD4+ CD25high and CD4+ CD25neg T cells expressing 

intracellular CTLA-4 is shown for young (n = 5) and elderly (n = 5) 

subjects.
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by 3H incorporation and (c) production of inter-

feron (IFN)-g by cytokine enzyme-linked immu-

nosorbent assay (ELISA) are shown in a young 

(left) and elderly (right) donor aged 22 and 73 

years, respectively.
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